Autoignition of isomers of pentane, hexane, and primary reference fuel mixtures of n-heptane and iso-octane has been studied experimentally under motored engine conditions and computationally using a detailed chemical kinetic reaction mechanism. Computed and experimental results are compared and used to help understand the chemical factors leading to engine knock in spark-ignited engines. The kinetic model reproduces observed variations in critical compression ratio with fuel molecular size and structure, provides intermediate product species concentrations in good agreement with observations, and gives insights into the kinetic origins of fuel octane sensitivity.
INTRODUCTION
Engine knock provides a practical limit to the efficiency of spark-ignition engines. Although a great deal of empirical knowledge exists concerning knock tendencies of hydrocarbon fuels, fundamentally based methods of predicting knock tendencies of arbitrary fuel mixtures provide a valuable tool in engine and fuel design.
Hydrocarbon fuel molecular size and structure play significant roles in determining knock tendency and octane rating in spark-ignition engines [l] . Recent studies [2-131 have contributed to a greatly improved understanding of the chemical factors that influence engine knock. These studies indicate that distinctions between different carbon-hydrogen bonds and variations in ring strain energy, especially affecting rates of alkylperoxy radical isomerization reactions, are particularly important.
Isomers of pentane, hexane, heptane and octane represent an interesting family of fuels for the study of knock chemistry. In particular, n-heptane and iso-octane (2,2,4-trimethyl pentane) are the primary reference fuels (PRF) that determine the octane rating of automotive fuels. These fuels follow the general pattern for alkane fuels, with octane number increasing with the degree of branching and decreasing with the overall size of the molecule. The Research Octane Number (RON) of the fuels studied here range from RON=O for n-heptane to RON=104 for 2,3-dimethyl butane and are summarized in Table I . Although other combustion properties of these fuels are quite similar, including adiabatic flame temperature and laminar burning velocity, it is evident that the variability in octane number and knock tendency is due to the molecular size and structure of these isomers.
The five hexane isomers, one pentane isomer and a selected number of PRF mixtures were studied experimentally, employing motored engine techniques. Kinetic modeling analysis was applied to interpret the experimental results. In addition, the model was used to predict conditions for autoignition of the remaining isomers of pentane and other PRF mixtures as a test of its predictive capabilities.
Previous modeling studies have developed a picture of paraffinic hydrocarbon kinetics under engine conditions. This approach was used [lo] to show how pro-knock and anti-knock additives such as tetra-ethyl lead ("EL) and methyl-tert-butyl ether (MTBE) alter fuel autoignition chemistry and change knock tendencies of hydrocarbon fuels. However, previous model studies were tested only against octane rating data, which are integrated quantities and cannot provide detailed tests of the reaction mechanisms. Our recent work [Ill studied autoignition of hexane isomers under motored conditions, providing the first species-specific concentration comparisons between model calculations and engine measurements. Mechanism modifications described below were made that improved its abilities to interpret knock behavior.
EXPERIMENTAL STUDIES
A Waukesha Cooperative Fuels Research (CFR) engine was operated under motored conditions, with stoichiometric fuel-air mixtures at an engine speed of 600 rpm, intake temperature of 403K, and an intake manifold absolute pressure of 80 kPa.
A limited number of additional experiments were carried out for iso-octane and other fuels at 500 and 900 rpm. The extent of autoignition chemistry was controlled by varying the compression ratio (CR), holding the intake manifold temperature and pressure constant. The engine CR was increased to a critical value where autoignition was observed. This critical CR value was found to vary from one fuel to another and depended strongly on fuel molecular size and structure. For each fuel, chemical species concentrations for a large number of species were measured in the cool exhaust stream under steady operation.
Intake fuel/air composition was monitored with a modified Beckman Model 109A Flame Ionization Detector (FID) in the intake system just upstream from the intake valve. These measurements were periodically confirmed by firing the engine, determining the equivalence ratio with standard exhaust-gas analysis.
A typical motored engine run involved stabilizing the intake temperature and pressure while motoring the engine on air at the desired speed and a very low CR.
After stabilization, the ignition was turned on and fuel admitted. The fuel rate was adjusted to achieve an equivalence ratio of 1.0 as measured simultaneously by the intake charge FID and exhaust gas analyzers. The engine was fired for approximately ten minutes to assure stable fuel delivery and to burn any accumulated lubricating oil from the combustion chamber. The ignition was then turned off and the compression ratio adjusted to the desired setting. After stable operation was achieved, the carbon monoxide and oxygen exhaust concentrations were recorded and exhaust gas samples acquired. Carbon monoxide exhaust concentration is a good indicator of the extent of autoignition chemistry occurring for all fuels examined to date.
Analytical Equipment
Carbon monoxide was measured continuously using a Horiba Model AIA-23 Infrared Analyzer. Oxygen concentration in the exhaust was continuously measured using a Horiba Model MPA-21 Oxygen Analyzer. Both instruments were calibrated prior to each measurement with certified gaseous calibration standards. Exhaust sampling and analyses of other stable intermediate species were performed as described in previous publications [14-161 using gas chromatography for most species and the DNPH derivatization technique of Lipari and Swarin [17] for aldehydes and ketones.
Exhaust gas samples for GC analysis were obtained either with heated, gas-tight syringes or with the gas sampling system described in [14]. These samples were analyzed using the two-dimensional gas chromatographic technique described in [14, 18] . Unknown intermediate species were identified by a combination of gas chroma tographic-mass spectrometry (GC-MS) and gas chromatography-Fourier transform infrared spectroscopy (GC-FTIR). The samples for the GC-MS and GC-FTIR analyses were liquid and were obtained by pulling a fraction of the exhaust through a . condensation trap immersed in a dry ice-isopropanol bath. Liquid samples were used in preference to gaseous ones as the concentrations of the unknowns were higher providing better responses to both analytical techniques.
Experimental Results
Measured exhaust concentrations of carbon monoxide are shown as functions of compression ratio for the hexane isomers in the bottom half of Fig. 1 and the experimental PRF mixtures in Fig. 2 . Below some CR, there is virtually no reaction; as the CR increases, the CO concentration and extent of reaction increase until, at some critical value, autoignition is observed, all without spark ignition in the combustion chamber. For each case, autoignition was observed at a CR slightly greater than the highest value for which a CO concentration is shown in Figs. 1 and 2. The experimental variation in critical CR is correlated with research octane number (RON) as summarized in Table I . Note however, that this correlation is not especially precise; the two fuels with RON=25 were measured to have critical CR values of 6.4 and 6.8, while the two fuels with RON=75 had critical CR values of 8.4 and 9.1. This variability reflects the fact that although the present measurements were carried out in a real engine at the same engine speed as that used to determine RON, the operating conditions (i.e., motored here vs. fired in RON tests) are still not entirely the same. Differences in critical CR in Table I show how sensitive RON and critical CR measurements can be to operating Chemical species concentrations were measured in the exhaust gases at each CR value as described above. Of particular interest are the results measured at the highest compression ratio that did not produce autoignition and therefore represent the greatest degree of fuel consumption without complete conversion to final products. Results are shown for 2-methyl pentane at 600 rpm and iso-octane at 500 rpm in Table II. Comparable results for the other hexane isomers can be found in Ref.
[ll], while results for the other PRF mixtures are qualitatively similar to those in Table II . In each case, the major products are carbon monoxide, formaldehyde, ethene and other species common to all of these fuels. In addition, each fuel produces a wide variety of larger olefins and oxygenated hydrocarbon species, whose identities and concentrations depend on the fuel being studied. We will discuss these species-specific concentration results below.
COMPUTATIONAL MODEL
Modeling computations were carried out using the HCT code [19], which has been used in past studies of engine knock and autoignition [lo-131. The engine is treated as a homogeneous reactor, ignoring spatial variations in temperature and species concentrations. Our experience has indicated that these model limitations do not have a serious impact on the value of the simulations, except for some near-limit phenomena as discussed below.
The effects of piston motion, heat losses to the engine chamber walls, blowby, fuel trapping in crevice volumes, and other processes were included by specifying the combustion chamber volume history using a slider-crank formula described by Heywood [ZO] , and by calibrating the distributed heat loss submodel by simulating nonreactive experiments. Simulations of non-reactive mixtures at different compression ratios showed that the overall rate of wall heat transfer increases slightly with increasing CR, consistent with increasing surface-to-volume ratio at higher CR Further details can be found in Ref. [Ill. It was essential to include the effects of residual gas composition on successive engine cycles. Unlike fired cycles where residual gases are CO2, H20 and N2, under motored conditions the residual gas fraction has a very complex composition. These partially reacted species influence the overall gas mixture reactivity in the combustion -.
chamber, as discussed by Green et al. [21] . At each compression ratio, experimental engine data provide the initial gas temperature, residual gas fraction, and initial pressure for the simulation. As reaction time increases, the slider-crank formula and heat transfer rate account for all of the relevant processes except chemical reaction, which is computed explicitly in the kinetics portion of the model.
REACTION MECHANISM
The detailed chemical kinetic reaction mechanism was based on that used in our previous knock modeling studies Effectively all fuel consumption occurs by H atom abstraction reactions with OH, HO2, H, 0, CH3, and other radical species. Distinctions are made between the abstraction of H atoms from primary, secondary, and tertiary sites in the fuel molecule [10,12]. Although p-scission of alkyl radicals R is included in the mechanism, under the present conditions most alkyl radicals react via addition of 02 to produce R02.
Internal H atom transfer within the RO2 species to produce a QOOH product is responsible for much of the variability of knock tendency with fuel size and structure These QooH species can follow any of four different reaction paths in addition to reverse isomerization back to R02. These reactions include (1) addition of another 0 2 species to produce 02QOOH, (2) 0-0 bond scission followed by the formation of cyclic ether products, and two reaction paths that are possible only €or certain types of QOOH radicals. Except for the addition of the second 0 2 to QOOH, all of these reaction sequences produce a single OH or H02 radical and are effectively chain * propagation paths.
In our previous models, decomposition of 02QOOH species was treated in an approximate fashion. For the present mechanism, we have improved the treatment of these reactions based on recent studies [25-311. It is now assumed that an 0-0 bond is broken, producing OH radicals and a relatively stable ketohydroperoxide species. It is the subsequent decomposition of the ketohydroperoxide that ultimately produces the additional radical species to provide chain branching from this reaction sequence. Since production of ketohydroperoxide provides only one OH radical, chain branching is delayed until the ketohydroperoxide decomposes, resulting in an induction time in many of the computed results, a phenomenon not available in the previous mechanism and which has been found to be important in some of these simulations [Ill.
COMPUTED RESULTS
Engine simulations were carried out for each stoichiometric fuel/air mixture, beginning at the time of intake valve closing at 151.8 degrees before top dead center (TDC), with an engine speed of 600 or 500 rpm. For the first engine cycle the fuel/air mixture consisted entirely of unreacted fuel and air; on subsequent cycles the starting mixture consisted of unreacted fuel/air and a fraction of the residual products of the previous cycle, determined from the CR Enough cycles were computed until the products of a given cycle were essentially identical to those of the previous cycle, with occasional exceptions as noted below. For example, concentrations of several species at the end of each of 6 motored cycles at a CR of 12.0 using 95 PRF are shown in Table HI .
When the species concentrations converged as illustrated here, the series of cycles was 9 terminated and a new sequence begun at an increased CR. Eventually a critical CR was reached where autoignition was observed. Usually this autoignition was predicted to occur not on the first cycle but after several cycles during which concentrations of intermediate species were seen to increase steadily from one cycle to the next. This behavior is illustrated in Table III for n-hexane at a CR of 5.75.
At still higher CR values, autoignition continued to be observed in the computed results, defining a critical value for the CR These predicted critical compression ratios are compared with experimental results in Table I The overall agreement between computed results and experimental measurements follows the experimental curve quite closely. Recall that no experiments were run with two of the three pentane isomers, so the model calculations represent predictions; the degree of agreement for these fuels is also good. The computed critical CR values for the PIG mixtures between PIG50 and PRF75 show the most significant difference from the curve representing the measured results, although computed results for higher and lower PRF mixtures agree well with the measurements. Closer examination of the computed results for these PRF mixtures show that negative temperature coefficient (NTC) phenomena are playing a significant role in the oxidation of these mixtures. This point will be discussed in detail in the next section, but it appears that these discrepancies are due to the interaction between the NTC kinetic behavior and the model assumption that the engine can be approximated as a spatially homogeneous reactor, which may be inaccurate under these conditions.
Fuel Octane Sensitivity
The computed results show interesting features not observed in the experiments.
For 2-methyl pentane, 3-methyl pentane, 2,2-dimethyl butane, and all of the PRF mixtures with RON greater than 50, at compression ratios substantially lower than the critical value, sequential non-igniting cycles demonstrated an oscillatory behavior, with high values on one cycle and low values on the next cycle as illustrated for the 75 PRF mixture in Table ID. For some of these fuels that exhibited oscillatory behavior, as the CR was increased further, autoignition was predicted, generally at a CR of about 7.5, much lower than the experimentally observed critical CR. However, as the CR was increased even further, autoignition ceased and did not recur until the critical value indicated in Table I . For example, autoignition was predicted for 2-methyl pentane at compression ratios of 7.25,7.5 and 7.75, while at CR of 8.0 through 8.75 no autoignition was predicted. Similarly, in the case of 3-methyl pentane, autoignition was predicted at a CR of 7.75, while no ignition was predicted at lower compression ratios or at higher values until the critical value of 8.75 was exceeded.
Closer examination of the kinetic behavior in these models shows that these fuel/air mixtures are passing through a region of negative temperature coefficient (NTC). At compression ratios close to the 7.25 -7.75 range, these reactive mixtures reach temperatures where the overall rate of reaction reaches a temporary maximum, resulting in autoignition. Then, as CR increases further, temperatures near TDC pass into this NTC region, and the rate of reaction decreases, resulting in non-igniting behavior. Finally, at higher compression ratios the overall rate of reaction reaches the same level as that computed at a CR of 7.75 and ignition is again predicted.
The present experiments did not observe this intermediate ignition region.
However, for 2-methyl pentane sporadic ignition was observed experimentally at a CR of 8.0, indicating that not every cycle ignited. Recently, Li et al. [32] used a slightly different motored technique with fuels including a PRF mixture with RON=87. Li As a result of NTC behavior of paraffinic fuels, under Motored octane test procedures, ignition is delayed until higher compression ratios. The corresponding ignition of aromatic and olefinic fuels is not retarded by NTC behavior to any significant degree, leading to apparently poorer octane quality under Motor conditions. As pointed out by Leppard, it is actually more appropriate to regard aromatic and olefin fuels as representing "'normal" behavior, with paraffins representing unusual trends due to the influence of the NTC for these fuels. The present study demonstrates that NTC behavior is observed for these paraffinic fuels under Research octane conditions as well.
For the most part, the NTC features predicted by the model calculations were not seen in the experiments. There are many reasons why this could be expected. The species measurements were averaged over hundreds of cycles so that most oscillatory, cycle-to-cycle behavior would be smoothed out. In addition, the model assumption of homogeneous reaction in the engine chamber, combined with a distributed heat loss rate, is only approximately valid. Spatial temperature variations exist in the experiments due to heat transfer to the engine chamber walls. Under most conditions, these variations do not have much influence on the overall system behavior, but under conditions close to the NTC region, areas in the chamber with different temperatures will demonstrate differing responses to temperature increases.
The differences between experimental and computed results for fuels with significant NTC behavior such as the PIG50 -P W 5 mixtures in Fig. 3 can perhaps best be understood by realizing that the computations represent an idealized description of the combustion chamber. Under NTC conditions, the overall rate of reaction declines and the fuel/air mixture becomes more resistant to ignition than at lower compression ratios and gas temperatures and requires a larger CR to achieve autoignition. However, in the real engine, because of heat transfer and other non-ideal phenomena, not all of the reactive mixture in the combustion chamber follows this same reaction path and is therefore actually more reactive than the majority of the reactive mixture. Since ignition in the engine requires only a small portion of the reactive mixture to ignite, the most reactive portion that initiates ignition will not be that portion that is being described by the kinetic model. The observed engine performance will therefore require a significantly lower compression ratio to achieve autoignition than is predicted by the idealized kinetic model. These trends produce the results in Fig. 3 in which the model predictions for the PRF50 -PRF75 mixtures indicate more ignition resistance than observed experimentally. This type of behavior represents a limit to the applicability of purely kinetic models to describe practical engine combustion.
Chemical Species Concentrations
There is a great deal of kinetic information in the model calculations. It is convenient to use species concentrations evaluated at the highest compression ratio for which autoignition was not observed, where the greatest fuel consumption would be expected. This comparison is provided in Table II . For the most part, the agreement between computed and experimental species concentrations is good, especially when it is considered that these are time-integrated quantities that cover production and consumption of these species over a wide range of temperature and time. Table II indicate.
In particular, when 2-methyl pentane is the fuel, the dominant cyclic ethers produced are the 5-and 4-membered ring structures that are the obvious products of isomerization reactions of the hexylperoxy radicals formed from the fuel. The same is true for iso-octane, but the specific structures are those which are particular to isooctane evolution. The relatively higher concentrations of the tetrahydrofurans are evident for both fuels, which can be related kinetically to details in the decomposition paths of QOOH radicals [lo] . Similar behavior is seen in Table 11 for the larger olefins being produced; when 2-methyl pentane is the fuel, C5 olefins are produced, while C7 and c g olefins are produced in iso-octane combustion. Finally, the generally good agreement between computed final concentrations and measured concentrations in the exhaust indicate that the kinetic model is reliably reproducing the conditions and kinetic evolution in the motored engine. Continuing mechanism refinements are needed to improve the agreement, but these results and related recent studies Ell] respresent the first direct comparison of species-specific engine results with kinetic modeling predictions.
SUMMARY
Autoignition of a variety of hydrocarbon fuels and fuel mixtures has been studied experimentally using motored engine techniques and computationally using a 
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